The applications of forward osmosis (FO) have been hindered because of the lack of an optimal draw solution. The reverse salt flux from the draw solution not only reduces the water flux but also increases the cost of draw solute replenishment. Therefore, in this study, Tergitol NP7 and NP9 with a long straight carbon chain and low critical micelle concentration (CMC) were coupled with highly charged ethylenediaminetetraacetic acid (EDTA) as an innovative draw solution to minimize reverse salt diffusion in FO for the first time. The results showed that the lowest reverse salt flux of 0.067 GMH was observed when 0.1 M EDTA-2Na coupled with 15 mM NP7 was used as a draw solution and deionized water was used as a feed solution. This is because of the hydrophobic interaction between the tails of NP7 and the FO membrane, thus creating layers on the membrane surface and constricting the FO membrane pores. Moreover, 1 M EDTA-2Na coupled with 15 mM NP7 is promising as an optimal draw solution for brackish water and sea water desalination. Average water fluxes of 7.68, 6.78, and 5.95 LMH were achieved when brackish water was used as a feed solution (5, 10, and 20 g/L NaCl), and an average water flux of 3.81 LMH was achieved when sea water was used as a feed solution (35 g/L NaCl). The diluted draw solution was recovered using a nanofiltration (NF-TS80) membrane with a high efficiency of 95% because of the high charge and large size of the draw solution.
Introduction
Forward osmosis (FO) is a valuable technology with a low operating cost and is used for wastewater treatment [1] , brackish water and seawater desalination [2] , food processing [3, 4] , and power generation [5, 6] . In FO, the energy required to transport water across the membrane is negligible because of the absence of hydraulic pressure. Typically, selecting a semipermeable membrane and a suitable draw solution are crucial for attaining high FO system performance [7] . Recently, considerable efforts have focused on developing a novel draw solution to meet the following requirements: (1) high water flux; (2) low reverse salt diffusion; and (3) easy recovery of the diluted draw solution [7, 8] . However, the high salt leakage and high energy consumption involved in recovering the diluted draw solution are major challenges that restrict the development of FO.
During the last few years, most studies have investigated the used of inorganic salts as draw solutions because of their low cost and high osmotic pressure potential, which creates a high water flux [9, 10] . However, the low charge and small hydrated radius of monovalent and divalent ions in the draw solution can result in a high reverse flux of salts, such as 0.6 M NaCl (J s = 7.2 GMH), 0.6 M NH 4 HCO 3 (J s = 18.2 GMH), or 0.5 M MgCl 2 (J s = 5.6 GMH), when deionized (DI) water was used as the feed solution [11] . In addition, recovering these draw solutions requires a high amount of energy because the pressure-driven reverse osmosis (RO) membrane is still required to recover water from the salts [12] or the standard of the water obtained is not close to that of drinking water. This is caused by the leakage of a high amount of ammonium bicarbonate into water [7] . To overcome these disadvantages of inorganic salts, magnetic nanoparticles (MNPs) were synthesized and used as a smart draw solution, and no reverse salt flux occurred. However, particle agglomeration was observed during recycling through a magnetic separator, and the FO performance deteriorated accordingly [13, 14] . In addition, the synthesis of MNPs is complicated and difficult.
Furthermore, other materials have been used for FO, such as the polyelectrolyte of polyacrylic acid sodium salts [15] , 2-methylimidazole-based organic compounds [16] , switchable polarity solvents [17] , ferric and cobaltous hydro acid complexes [18] , dimethyl ether solutions [19] , and poly (sodium 4-styrenesulfonate) [20] . These draw solutions showed justifiable water flux. However, high reverse salt flux and relatively energy-intensive regeneration make them impractical in FO desalination. Therefore, identifying novel draw solutes with characteristics of high water flux, low reverse salt flux, and easy recovery is necessary.
Among the currently used draw solutions, ethylenediaminetetraacetic acid (EDTA)-2Na not only has a high water flux and low reverse salt diffusion but also can be recovered relatively easily by using a nanofiltration (NF-TS80) membrane, as demonstrated in our previous study [21] . To increase efficiency with minimal salt leakage, nonylphenol ethoxylates (Tergitol NP7 and NP9) were combined with EDTA-2Na. Nonylphenol ethoxylate with an expanded structure, long straight carbon chain, and low critical micelle concentration (CMC) created layers on the membrane surface, thus constricting the membrane pores to minimize reverse salt diffusion. Moreover, the coupling of the surfactant with EDTA-2Na formed the large size of particles in the draw solution, therefore it was easily recovered using the NF membrane [22] .
The effect of coupling NP7 and NP9 nonionic surfactants with EDTA-2Na on the reverse salt flux and water flux were investigated under the following conditions: (1) various surfactant concentrations; (2) various EDTA-2Na concentrations; (3) desalination; and (4) recovery of the diluted draw solution by using the NF membrane. The results demonstrated that combining EDTA-2Na with NP7 and NP9 can significantly reduce the reverse salt flux and improve the recovery efficiency of the diluted draw solution in FO desalination processes. To our best knowledge, any use of draw solution based on coupling NP7 and NP9 with EDTA-2Na for FO performance has not been published up to now.
Material and method

Materials
A thin-film composite membrane was supplied by Hydration Technology Innovations (Albany, Oregon, USA). The FO membrane is relatively hydrophobic with a measured contact angle of approximately 70° and thickness of less than 50 μm [23] . Moreover, it has a negative charge with a mean pore radius of 0.37 nm [24] . Laboratory-grade EDTA-2Na (purity of 99.0%) was purchased from Sigma-Aldrich Corporation, Germany. Nonylphenol ethoxylate surfactants, Tergitol NP7 and NP9, were supplied by the Dow Chemical Company, Midland (Albany, Oregon, USA). The average molecular weight is 600 g/mol, the molecular formula is C 15 H 24 O(C 2 H 4 O) x , and the CMCs of NP7 and NP9 at 25 °C are 39 and 60 ppm, respectively [25] . EDTA-2Na coupled with the surfactants was controlled at pH 8 before FO tests [21] . In FO experiments, DI water, brackish water (5 g/L, 10 g/L, and 20 g/L NaCl), and seawater (35 g/L NaCl) were used as the feed solution. The NF membrane NF-TS80 was used to recover the draw solution (EDTA-2Na combined with anonionic surfactant). Structure of nonylphenol ethoxylate surfactant Formula of nonylphenol ethoxylate surfactant
The structures of EDTA-2Na and nonylphenol ethoxylate surfactants are provided in Table 1 . The formation of a highly charged species of EDTA that could generate a high water flux with minimal reverse salt diffusion depends on the pH. In addition, the carboxyl group of EDTA-2Na complexes easily with Na + ions can be attributed to the reduction in reverse salt diffusion. The nonylphenol ethoxylate surfactants NP7 and NP9, which have long and straight carbon chains, can be coupled with EDTA-2Na to maintain minimal reverse transport. Furthermore, this combination could increase the size of particles in the draw solution, leading to a recovery efficiency of the diluted draw solution as high as 95%. (2) t A
Measurement of water
Where, C 0 (g/L) and V 0 (L) are the initial concentration and initial volume of the feed solution, respectively, and C t (g/L) and V t (L) are the solutes concentration and the volume of the feed solution measured at time of t, respectively. Specific reverse salt flux (J s /J w (g/L)) is defined as the ratio of the salt flux (J s (GMH)) in the reverse direction to the water flux (J w (LMH)) in the forward direction and is used to estimate the amount of the draw solute lost per liter of the water produced during FO. Moreover, this ratio is related to the water-salt selectivity of the membrane. Specific reverse salt flux was quantified through experiments in which DI water was used as the feed solution and the concentration of the draw solute was varied.
A thin film composite polyamide nanofiltration membrane (NF-TS80) was used for the draw solution recovery under an 80 psi gas pressure. The solute rejection is calculated follow equation
Where R is solute rejection, C P (mg/L) is the permeate concentration, C F (mg/L) is the solute concentration in the feed solution calculated from the difference of the initial solution concentration and the permeate concentration.
Experiment setup
The experimental setup is shown in Figure 1 (a) and (b). The feed and draw solutions on both sides of the FO membrane were circulated using two peristaltic pumps, and two water baths were used to control the temperature at 25  0.5 °C. Conductivity and pH sensors were installed in the containers of the feed and draw solutions to monitor any changes. The volume of the draw solution was 4 L, and a 2 L feed solution tank was placed on a digital scale (BW12KH, Shimadzu, Japan) that was connected to a computer data logging system to monitor the weight and volume changes at specified time intervals. After FO tests, the diluted draw solution was recovered for reuse through the NF-TS80 membrane by using a cross flow module (CF042 DelrinAcetal Cross flow Cell, USA) at operating hydraulic pressures of 80 psi. All experimental data were collected after 1 h to prevent the adsorption of ions on the membrane surface from influencing the results. 
Analytical methods
The pH of the draw solution was determined using a pH meter (Horiba pH meter D-54, Japan). The Na + ion concentration was analyzed using ion chromatography (DionexICS-90). The osmolality of draw solutions was measured using an osmometer (Model 3320, Advanced Instruments, Inc., USA). The measured osmolality of the solutions was then converted to osmotic pressure by using the Morse equation as follows:
where ( n C) represents total osmolality, R is the universal gas constant, and T is the absolute temperature.
The viscosity and conductivity were determined using the Vibro Viscometer (AD Company, Japan) and a conductivity meter (Sension156, Hach, China), respectively. The size of particles in the draw solution was measured using the SZ-100 nanoparticle analyzer (Horiba, Japan). The concentrations of each solute in the feed solution and permeation were detected using a total organic carbon (TOC) analyzer (ASI-5000A, Shimadzu, Japan).
Results and discussion
Effect of various surfactant concentrations on reverse salt flux and water flux
The NP7 surfactant was added to EDTA-2Na in various concentrations (0, 1.6, 7.5, 15, and 30 mM). Coupling EDTA-2Na with NP7 reduced the reverse salt flux compared with using EDTA2Na alone because of the hydrophobic interaction effect. In particular, when 0.1 M EDTA-2Na was coupled with 15-30 mM NP7, the reverse salt flux decreased significantly to 0.067 GMH. This is the most crucial finding. The decrease occurred because EDTA consists of 98. Moreover, when NP7 was coupled with EDTA-2Na, the adsorption of NP7 on the membrane through a hydrophobic interaction between the hydrophobic tail of the surfactant and the hydrophobic membrane constricted the membrane pores, leading to a significant reduction in the reverse salt diffusion of Na (Figure 4) [26] . This is similar to the hydrophobic interactions between selected pharmaceuticals and FO membranes, which served as the dominant removal mechanism, demonstrated by Jin et al. [27] . These results demonstrate that a low TOC and low specific reverse salt flux are directly related to FO because they lead to a low reverse solute flux. In addition, NP9 was coupled with EDTA-2Na, and the results were compared with those obtained when NP7 was coupled with EDTA-2Na in the same concentration range. The results showed that the reverse salt flux decreased considerably (Figure 6 (a) ). However, a higher reverse salt diffusion was obtained. For example, the reverse salt flux of 0.1 M EDTA-2Na coupled with 15 mM NP7 was 0.067 GMH and that of 0.1 M EDTA-2Na coupled with 15 mM NP9 was 0.092 GMH. Furthermore, NP9, which has a higher CMC, exhibited more reverse transport than NP7, which has a lower CMC [22] . The osmotic pressure of the draw solution slightly increased and the viscosity increased rapidly with an increase in the NP9 concentration ( Figure 6 (b) ). In addition, the specific reverse salt flux decreased when EDTA-2Na was coupled with NP9 ( Figure 6 (c) ). Thus, EDTA-2Na coupled with NP9 had a lower efficiency than that of EDTA-2Na coupled with NP7 because of the higher reverse salt flux. The aforementioned results demonstrated that NP7 coupled with EDTA-2Na could achieve a lower reverse salt flux than NP9 coupled with EDTA-2Na. Therefore, EDTA-2Na at various concentrations (0.1, 0.2, 0.4, 0.6, 0.8, and 1 M) was coupled with 15 mM NP7 at pH 8. Figure 7 shows the water flux and reverse salt flux when DI water was used as the feed solution. The results showed that the water flux increased rapidly from 2.65 to 8.8 LMH when the EDTA-2Na concentration was increased from 0.1 to 1 M. This is because of an increase in the osmotic pressure from 7.16 to 59.46 bars when the EDTA-2Na concentration was increased. The concentration polarization (CP) of the membrane can be contributed to the nonlinear of the increase in the water flux. The CP reduced the water flux by approximately 2-7 times relative to the theoretical water flux [10, 28] . As shown in Figure 9 , brackish water with 5, 10, and 20 g/L NaCl exhibited water fluxes of 7.68, 6.78, and 5.95 LMH, respectively, which are higher than that of seawater (3.81 LMH). The results indicated that the water flux decreased considerably when brackish water and seawater replaced DI water as the feed solution because the osmotic pressure exerted by brackish water and seawater reduced the net driving force across the membrane, leading to a reduction in the water flux [4, 29] . However, 1 M EDTA-2Na coupled with 15 mM NP7 as the draw solution demonstrated excellent performance in FO desalination with high water flux and minimal reverse salt flux.
3.4 Recovery of draw solution using NF-TS80 membrane After FO, the draw solution is diluted; therefore, draw solution recovery is necessary and represents one of the major challenges in FO [30] . Table 2 shows the variations in the total dissolved solids (TDS) permeate and removal efficiencies obtained using two types of draw solutions, 0.05 M EDTA-2Na alone and 0.05 M EDTA-2Na coupled with 15 mM NP7 at an operating pressure of 80 psi. The results showed that the removal efficiencies of both draw solutions were high because of electrostatic repulsion between the negatively charged NF membrane and negatively charged H[EDTA]
3− [31] [32] [33] . However, the recovery of 0.05 M EDTA-2Na coupled with 15 mM NP7 (approximately 95%) was higher than that of 0.05 M EDTA-2Na alone (91%). A gel layer formed when the NP surfactant was coupled with EDTA2Na, thus improving the recovery of the diluted draw solution by an NF system (Figure 10 (a) ). A possible reason for this difference is that coupling NP7 with EDTA-2Na increased the size of particles in the draw solution, improving removal efficiency. As shown in Figure10 (b), the particle size distribution of 0.05 M EDTA-2Na coupled with 15 mM NP7 was measured to be approximately 954.2 nm. This result demonstrated that a novel draw solution of EDTA-2Na coupled with NP7 can be easily recovered using NF membrane. The proposed FO/NF hybrid system is advantageous compared with the FO/RO process because FO/RO desalination requires high energy [34] . 
Conclusion
Highly charged EDTA coupled with NP7 was used as an innovative draw solution to reduce the reverse salt flux in FO for the first time. A minimal reverse salt flux of 0.067 GMH was obtained when 0.1 M EDTA-2Na coupled with 15 mM NP7 was used as the draw solution and DI water was used as the feed solution. Moreover, high water fluxes of 7.68 and 3.81 LMH were obtained when brackish water (5 g/L NaCl) and sea water (35 g/L NaCl) were used as the feed solution, respectively, and 1 M EDTA-2Na coupled with 15 mM NP7 was used as the draw solution. The NF-TS80 membrane was used to recover the diluted draw solution, and a high recovery efficiency of approximately 95% was achieved. Using EDTA-2Na coupled with NP7 as the draw solution in FO provides a new promising method for future applications.
